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ABSTRACT 


The  affect  of  Boron  on  the  relative  interfacial  tension  of  gauss, 
iron  in  two  commercial  steels  ie  studied  by  naans  of  thermal  etching 
techniques.  In  each  ease.  Boron  effects  a mensurable  reduction  in 
Interfacial  tenr'on,  although  the  differences  in  the  average  groove 
angles  aear  ’ed  do  not  appear  to  Be  statistically  significant.  The 
data  indicate  a positive  temperature  coefficient  for  adsorption  of  Boron 
to  the  grain  Boundaries.  In  the  range  of  0.20  to  0,40  percent,  carbon 
has  essentially  no  effect  on  the  degree  of  reduction  of  the  interfacial 
tension  By  Boron. 
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There  are  sufficient  argue nt*  and  evidence1'2^ to  indicate 
that  boron  should  be  adsorbed  to  existing  austenite  grain  boundaries  dur- 
ing the  austenitising  treatment.  Accordingly,  it  is  possible  that  boron 
contributes  to  the  hardenability  of  heat  treatable  steels  by  the  reduction 
of  the  lnterfaoial  energy  of  austenite  grain  boundaries,  at  which  sites 
are  nucleated  heterogeneously  the  decomposition  products  of  austenite. 

Such  a reduction  in  interfacial  energy  would  reduce  the  total  energy  that 
can  be  borrowed  in  these  heterogeneous  nucleation  processes  and  thus  re- 
tard the  initiation  of  transformation. 

This  investigation  was  undertaken  to  attempt  to  determine  the 
effect  of  boron  on  this  lnterfaoial  tension  in  commercial  steels.  It 
was  realised  that  in  the  present  state  of  knowledge,  only  relative  values 
of  the  interfacial  tension  of  gamma  iron  could  be  estimated.  However,  it 
is  believed  that  such  a study,  despite  its  deficiencies,  is  justified  to 
determine  If  boron  produoee  a measurable  effect  on  the  Interfacial  tension 
and  the  relative  magnitude  of  this  effect,  thus  establishing  whether  or 
no t boron  is  •mrfit*  active"  in  iron  (i.e.,  if  boron  is  significantly 
adsorbed  to  grain  boundaries) . 

II  £JE?I3i>  0?  FEisVIOUS  WOKE 

The  mechanism  of  thermal  etching  was  used  in  this  investigation 
to  allow  the  austenite  grain  boundaries  to  develop  grooves,  the  angles 
formed  being  the  equilibrium  shape  for  each  temperature  used.  Concerning 
this  mechanism,  Shuttleworth^  believes  that  atomic  migration  over  the 
surface  of  the  metal  is  the  principal  factor  leading  to  the  formation  of 
thermal  etch  patterns.  Evaporation  of  atoms  from  the  surface  is  another 
contributing  cause,  more  important  at  high  temperatures  than  at  low,  but 
the  aotivaiion  energy  for  an  atom  to  evaporate  is  maoh  greater  than  that 
required  for  an  atom  to  nlgrato  over  the  surface.  The  presence  of  an 
inert  gas  surrounding  the  sample  may  assist  the  formation  of  boundary  grooves 
fluid  other  markings , as  the  evaporating  atoms  are  reflected  beck  by  the  gas 
molecules.  This  process  of  evaporation  and  condensation  would  lead  eventu- 
ally to  the  same  surface  configuration  that  produced  by  atosio  migration. 

In  a vacuum , the  abeenoe  of  gas  molecules  would  prevent  condensation  of 

of  atoaio  lay- 


thermal  e to  li- 
the boundaries, 
grain  surfaces. 
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evaporated  atoms;  the  resulting  process  would  be  a stripping 
ers,  which  of  itself  would  not  produce  boundary  grooves. 

Olney^  believes,  however,  that  in  the  early  stages  of 
ing,  the  loss  of  atoms  by  evaporation  may  well  be  greater  at 
i.e.,  at  points  Initially  of  high  energy  than  at  the  exposed 


b 


Under  these  conditions,  not  until  the  equilibria*  surface  has  formed  will 
the  stripping  of  atomic  laysrs  take  place  uniformly  orar  the  metal  sur- 
face. 


Begmrdless  of  the  mechanism,  Shattleworth^  and  Greeaough  and  ling? 
regarded  the  phenomena  of  thermal  etehing  as  an  adjustment  of  a surface 
to  minimum  free  energy.  If  ve  heat  etch  a metal  sample,  we  would  find 
the  following  surface  conf iguration: 


*A  " 


*B" 

«AB“ 


free  energy  of  Surface  A 
free  energy  of  Surface  3 
free  energy  ef  interface 

V . A - - * _ » we 

A MiU  JO 


The  relationship  between  interfacial  energies  and  respective  angles  is 
given  by 


■ 

S/ncC  $//7@  S/hf 


(i) 


If  the  assumption  is  mads  that  the  fr«e  energy  of  a grain  surface  is  inde- 
pendent of  the  orientation,  then  equation  (1)  reduces  to 


— wtere  = 4?  (2) 

If  equation  (2)  1b  applied  to  an  aurtenltic  region,  then 

^/htesfazta/  ~ 2 £/z  15 
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If  the  value  of  ly#,  the  surface  tension  of  {MM  iron,  it  known  or  oan 
bo  calculated,  than  the  iaterfaeial  energy  can  be  calculated  by  determin- 
ing the  value  of  the  equilibria  auitenite  groove  aaglee  foraed  by  theraal 
etching. 


Xm  seeking  a practical  method  for  determining  the  austenitic  grain 
boundary  groove  eagles,  the  methods  of  nlcrotopography  described  by 
Chalmers & vers  investigated.  Xt  was  thought  that  this  aethod  could  not 
be  aoouretely  adapted  to  this  work,  since  the  groove  angles  were  so  saall 
and  the  necessary  equipment  was  not  immediately  available. 

Suttner,  tldln,  and  Vulff^  found  the  absolute  interfacial  energy  of 
go  Id  by  heat  etching  fine  wires  and  examining  the  groove  angles  formed  by 
a goniometer  attachment  to  a metallurgical  microscope.  Considerable  error 
was  found  in  determining  the  positions  of  the  light  spot  traversing  the 
heat  etohed  groove.  This  method  was  not  considered  to  have  sufficient 
accuracy  for  it  was  thought  that  the  differences  in  the  groove  engles  for 
the  steels  used  would  be  small.  Also,  this  method  requires  the  use  of 
wires  while  only  cylindrical  samples  were  available  in  this  investigation. 
Sass^O  states  that  at  the  present  time  some  method  of  optical  measurement 
of  the  groove  angles  is  the  most  applicable.  This  includes  liquid-solid 
configurations,  interfaces  and  viewing  of  nearly  120-  junctions  cf  grain 
boundaries . 

In  the  work  of  Greenough  end  King?  on  the  grain  boundary  energy  of 
silver,  they  used  e method  of  measuring  the  groove  angles  consisting  of 
plating  pure  silver  on  the  heat  etched  surface  end  sectioning  normal  to 
this  surface  to  obtain  the  shape  of  the  groove;  the  angle  was  measured  by 
mechanical  means  or  from  photomicrographs . They  also  used  a revolving 
stage  cn  a microscope  with  a small  light  beam,  similar  to  tha  apparatus 
used  by  Buttaer,  Cdin,  and  Vulff.9  After  investigating  a aethod  of  plating 
the  steel  samples,  the  method  of  nickel  plating  and  sectioning  normal  to 
the  heat  etched  surface  was  chosen  as  the  one  most  suited  to  this  problem. 
Also,  Bailey  end  Vatkinsll  thermally  etched  polycrystalline  specimens  of 
oopper  in  various  atmospheres  at  two  different  temperatures.  They  then 
prepared  metallographic  sections  normal  to  the  etched  surface  and,  assuming 
that  the  groove  angxs  was  constant  for  any  given  condition  of  thermal  etch- 
ing, found  a value  for  this  angle  by  measuring  a selection  of  the  smallest 
groove  engles  seen  in  the  section.  They  found  that  the  angles  were  smaller 
at  the  lower  temperatures,  which  is  to  he  expected. 

Dunn  and  Lionetti--  determined  the  effect  of  orientation  on  grain 
boundary  energies  by  growing  crystals  of  silicon  ferrite,  with  3.5  percent 
silloon,  of  different  orientations  forming  almost  a 120  degree  junction. 
Th«y  found  that  a difference  in  orientation  of  30  degrees  and  below  showed 
m auau'ii  drop  U the  relative  surface  tensions.  This  is  to  be  expected  to 
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a carta in  extant,  since  at  saro  orientation  difference  the  grain  boundary 
would  disappear.  Also,  Aust  and  Chalmers1?  found  that  in  tin  the  energy 
of  the  crystal  boundary  was  not  independent  of  the  orientation  of  the 
neighboring  crystals.  This  was  true  for  orientation  differences  of  6 de- 
grees and  below.  Above  this  value,  the  energy  was  essentially  the  same 
for  varying  orientations.  This  work  was  done  on  seed  crystals  of  varying 
orientations  and  the  angles  were  measured  at  grain  junctions.  Dunn, 
Daniels,  and  Belton1**  in  determining  the  effect  of  orientation  on  the  rel- 
ative grain  boundary  energies  in  silioon  iron,  found  results  similar  to 
the  work  done  previously  by  Duns  and  Lionettl.1^  They  found  that  there  was 
a rapid  rise  in  grain  boundary  energies  up  to  orientation  differences  of 
30  degrees. 


ikenye  and  Smith1*  measured  dihedral  angles  between  joining  grains 
in  aluminum  and  copper  alloys  by  allowing  tin  rich  liquid  layers  to  form 
at  grain  junctions.  After  annealing,  they  measured  the  dihedral  angle 
formed  by  the  tin  by  using  a mlcromster  eyepiece  mounted  on  a metal lograph. 
The  distributions  of  the  dihedral  angles  were  determined  for  various  amounts 
of  cold  work  and  annealing  time.  Using  these  values,  they  found  relative 
interfacial  energies  for  changes  in  tsmperature  and  composition.  The  shape 
of  the  distribution  plots  was  not  too  different  from  distribution  plots 
found  in  this  investigation. 

Seare1**  developed  a method  from  which  he  determined  the  absolute 
interfacial  energy  for  oopper.  He  polished  one  end  of  a cylinder  of  OTHC 
copper,  placed  it  in  & furnace,  and  covered  the  polished  end  with  lead  dust. 
After  heating  8 hours  at  800  degrees  C,  the  cylindrical  samples  were  cooled, 
copper  plated,  sectioned,  and  polished  normal  to  the  lead  surface.  The 
dihedral  angles  were  calculated  fron  the  lengths  and  thicknesses  of  the 
lenticular  lead  drops,  klnding  the  values  of  these  angles  consistent,  he 
determined  the  absolute  interfacial  free  energy  for  copper-copper. 


The  publication,  "Imperfections  in  He&rly  Perfect  Crystals, wl?  groups 
together  methods  of  evaluating  surface  and  interfacial  tensions.  These 
methods  ooneiet  of  measuring  angles  formed  by  grain  junctions,  interfaces 
between  solid  and  liquid  metals  or  compounds,  and  those  angles  formed  by 
thermally  etched  grain  boundary  grooves.  Bach  has  advantages  over  the 
other,  depending  on  the  materials  being  studied.  Van  Tlack1®  measured  the 
energy  of  the  interface  between  two  immiscible  liquids,  copper  and  copper 
sulfide,  by  the  capillary  method,  then  equilibrated  this  surface  with  gamma 
iron  and  ultimately  determined  the  grain  boundary  anergy.  The  oaiculated 
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meter.  This  value  will  be  used  later  in  calculating  the  relative  surface 
tension  of  gamma  iron,  as  suggested  by  Smith.1? 


Ill  2SPX2IHXBTAL  PHOCXDDBX 


The  thermal  etching  cf  specimens  was  conducted  in  a vaovvw  furnace 
designed  to  operate  up  to  1900®P  at  pressures  of  10**^  am  of  sercury  or 
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less.  tbs  vacuum  was  adequate  to  prevent  an y liaoexi.lule  oxidation  of 
the  steel  specimens . temperatures  /ere  measured  by  means  of  a platimum* 
platiaum,  Ijt  rhodium  thermocouple. 

After  thermal  etohlng  at  the  desired  temperature  and  time  and  cool- 
ing ia  mot«m  to  rccs  temperature,  the  etched  surface  of  the  epeoimen  me 
miokel  plated  to  preeerre  the  grain  boundary  grooves  during  the  me tall o~ 
graphio  seetioning  of  the  epeoimen  necessary  in  aeasuring  groove  angles. 
The  electroplating  bath  consists  of  nickel  sulphate , 680  grams  /gal;  amen- 
tum chlorids,  93  grams /gal;  borie  acid,  113  grams /gal.  The  operating 
conditions  of  the  plating  proocss  are  the  following i current  denelty, 

30  ampe/eq.  ft;  tomperaturo,  50-60°C;  pH  of  5.6  to  5.9.  Hydrogen  peroxide 
ms  used  as  a wetting  agent  for  the  sample.  An  alkaline  cleaning  solu- 
tion was  used,  composed  of  3 0 grams  of  sodium  carbonate,  15  grams  of 
tri-sodium  phosphate  and  7.5  grams  of  sodium  hydroxide  in  one  liter  of 
water.  A typical  nickel  plated  grain  boundary  groove  ie  illuetrated  in 
figure  1. 


figure  1.  typical  drain  Boundary  Groove  Produced 
by  Therual  itching.  15CGZ  - Sit&l  Stch 


the  nickel-plated  specimens  were  mounted  in  batkellte  so  that  the 
plated,  heat-etohad  surface  was  perpendicular  to  the  anvil  of  the  me  nting 
press.  Thai,  when  the  mounted  sample  ms  polished,  the  polished  surface 
was  perpendicular  to  the  surface  previously  heat  etched . these  mounted 
spools* ns  were  polished  by  standard  mstallogrephlo  techniques  end  etched 
in  throe  percent  sital.  After  examining  tbs  surface,  the  npeeimen  was 
rppcsicdly  ground  and  polished  to  expose  neny  grain  boundary  grooves  for 

A magnification  of  15001  was  used  in  measuring  the  angle  formed  by 
the  grain  boundary  grooves . A filar  eyepiece  was  used  to  measure  both  the 
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width  and.  depth;  the  angle  was  then  calculated  by  trigonometric  relations. 
To  Minimise  errors  of  the  instrument  and  those  due  to  the  eye.  five  values 
of  the  width  and  depth  were  taken  and  averaged  to  give  the  value  of  the 
width  and  depth  for  eaeh  groove  measured.  One  hundred  grooves  were  meas- 
ured for  each  sample  to  give  a distribution  of  the  angles  and  give  a good 
estimate  ef  the  average  value  of  the  groove  angle  for  each  sample. 

In  this  investigation,  two  sets  of  eteels  were  used  to  obtain  the 
requisite  data,  The  matching  steele  were  produced  by  splitting  the  heat, 
i.a.,  the  base  steel  was  divided  and  boron  was  added  to  half  the  heat  in 
the  form  of  Grainal  So,  79 . The  steels  and  their  compositions,  supplied 
by  fhe  Republic  Steel  Corporation,  are  listed  in  Table  I. 


TABUS  I 


Steal  Compos it ione 


Type 

C 

JSR- 

P 

S 

Si 

JLL. 

Cr 

Me 

B 

AISI  8740 

0.396 

0.88 

C.C15 

0.019 

0.31 

0.54 

0.47 

0.25 

0.0c 

AISI  87B40 

0.395 

0.89 

0.015 

0.019 

0.31 

0.54 

0.48 

0.25 

0.0013 

AISI  TS  8117 

0.198 

0.81 

0.018 

0.029 

0.23 

0.26 

0.41 

0.11 

0.00 

AISI  TS  81B17 

0.200 

0.81 

0.018 

0.029 

0.23 

0.26 

0.41 

0.11 

0.0011 

It  wae  found  that  at  a temperature  of  1830*7,  8 hours  vers  required 
to  produce  an  equilibrated  surface;  heat  etching  at  temperatures  of  1600*7 
and  l6509T  required  24  hours  to  produce  the  desired  equilibrated  surface. 

The  AISI  87540  and  AISI  8?4o  steal*  ware  heat  etched  at  both  I83O0 
16C0°? ; the  AISI  TS  8117  and  AISI  TS  BIB  17  stasis  wsrs  heat  etched  at  I65O0?, 
the  recommended  austenitising  temperature.  The  sample*  employed  were  discs 
3/4  inch  in  diameter  and  3/4  inch  thick.  One  end  of  the  specimen  was  tapped 
to  fit  the  sample  holder  sf  the  furnace.  The  other  end  of  the  disc  was 
carefully  polished  prior  to  thermal  etching.  . 

17  ixpkrdcmtal  results 

7igore  2 is  a bar  graph  of  frequency  of  occurrence  versus  groove 
angle  In  degrees,  showing  the  distribution  of  the  groove  angles  for  boron 
steel  AISI  87540  heat  etched  at  1830°T.  The  moan  value  of  the  groove  angle 
is  shown  to  be  147.13° • 

The  bar  graph  of  Figure  3 shows  the  distribution  of  groove  angles 
for  boi'on-free  steel  AISI  8?4o,  also  heat  etched  at  1830*F.  The  mean  value 
of  the  groove  angle  is  shewn  to  be  145.93° • Comparing  Figures  2 and  3,  we 
see  that  the  mean  austenitic  groove  angle  for  the  boron  steel  is  1.2*  great- 
er than  the  mean  groove  angle  for  the  boron-free  steel. 
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figure  4 is  a bar  graph  showing  the  distribution  of  groove  angles 
for  heron  steel  AISI  87B40  heat  etched  at  l600*7.  The  aeaa  value  of  the 
angle  is  indicated  ae  144.20*.  The  bar  graph  in  figure  5 shows  the  distri- 
bution of  groove  angles  for  boron-free  steel  AISI  8740  also  heat  etched 
At  1600°  T.  fne  aean  value  is  shown  to  be  143.49°.  Ceaparing  the  graphs 
of  figures  4 and  5,  we  see  that  the  aeon  austenitic  grain  boundary  groove 
angle  of  the  boron  steel  is  0.71°  greater  than  the  aean  groove  angle  for 
the  boron-free  ateel. 

figure  6 in  a bar  graph  indicating  the  distribution  of  austenitic 
groove  angles  for  boron  steel  AISI  tS  61517  heat  etched  at  l650*f . A aean 
value  for  the  groove  angle  la  shown  to  be  144.28*.  The  bar  graph  of 
figure  ? shews  the  distribution  of  groove  angles  for  boron-free  steel 
AISI  TS  8117  heat  etched  at  1650®?  The  aean  value  for  the  groove  angle 
is  shewn  to  be  143.42®.  Sospariag  tbs  distribution  plots  of  boron  and 
boren-free  steels  of  figures  6 and  7 , we  see  that  the  aean  groove  angle 
of  boron  steel  is  0.06*  greater  than  the  aean  angle  for  boron-free  steal. 

To  deteraine  the  statistical  significance  of  tbs  differences  ob- 
served for  the  groove  angles  of  the  boron  and  boron-free  steels,  the 
standard  deviation,  O',  was  calculated  by  using  the  ezpression 


c 


(4) 


where  Cf  is  the  standard  deviation,  1^  is  the  individual  values  of  the 
angles,  V is  the  total  lumber  of  angles  aeasnred,  and  Z is  the  aean  value 
for  the  groove  angle.  Also,  in  coirparing  boron  and  boron -free  steels , we 
need  to  know  O' p,  the  standard  deviation  of  the  difference  of  Beans.  Ol 
was  calculated  by  the  expression 


where  if  5 is  the  standard  deviation  for  boron  steel,  the  total  angles 
■ensured  for  the  boron  steel . and  O' ~S3  sad  I-gj  are  tbs  similar  values  for 
the  boron-frse  steel.  The  values  of  those  elgaas  and  the  difference  of 
the  aeans  for  boron_and  boron-free  stssle  treated  sinilerly  are  tabulated 
in  Table  II,  where  Xg  and  are  the  aean  values  of  the  groove  angles  for 
tbs  boron  and  boron-free  steelG  respectively. 
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Steel 

Temperature 

sf 

Heat  Itching 

Mean 

Groove 

Angle 

O' 

3 CfD 

AISI  87B40 

1830°! 

147.13° 

4.349 

0.689 

2.067 

1 20 

AISI  8740 

I830®T 

145.93° 

5. 34* 

AISI  87B40 
AISI  8740 

i6oo°f 

l600°? 

144.20° 

143.49° 

4.765 

3.184 

0.573 

1.719 

0.71 

AISI  TS  81B17 
AISI  TS  8117 

165 o«r 
1650°! 

144.28° 

143.42° 

2.770 

3.274 

0.427 

1.281 

0.86 

T DISCUSSIOI 

It  is  appropriate  now  to  dt«c«=a  tea  suapling  problem  in  fieasuring 
tbs  groove  audios  of  tbs  ctsele  studied.  If  we  section  through  a cylin- 
drical sample  of  a polycry  stall  ins  natal  to  Tiew  dihedral  angles,  we  bare 
the  possibility  of  (l)  rotation  of  the  angloe  about  an  axis  through  the 
sample  narsnl  to  the  top  surface  and  (2)  rotation  of  the  angleis  about  an 
axis  perpendicular  to  the  axis  of  ths  saaple,  i.e.,  parallel  to  the  top 
surface . It  is  inhsrent  in  forming  the  groove  angles,  by  heat  etching 
the  top  surface,  not  to  hare  rotation  of  type  (2)  above.  Grooves  are  foraed 
only  by  thoee  grain  boundariee  In  the  plane  of  the  top  surface  and  aay 
curvature  of  the  grain  beneath  the  surface  will  not  affect  the  shape  of  the 
groove.  (A  typical  depth  of  a groove  is  less  than  a aicron,  compared  to  a 
typical  grain  circumference  of  150  microns.)  Thus,  in  forming  the  grooves, 
type  (2)  rotation  is  eliminated.  By  sectioning  normal  to  the  heat  etched 
surface,  this  type  of  rotation  is  not  Introduced  into  the  results  of  groove 
angle  measurements.  If  both  types  of  rotation  were  present,  we  would  ex- 
pact  a spread  of  0*  to  180*  for  the  groove  angles.  Since  the  reeults  show 
a total  spread  of  24®,  which  ie  considerably  less  than  a 0°  to  180°  spread, 
it  is  evident  that  we  have  only  type  (l)  rotation  in  the  sampling  problem. 

By  polishing  the  samples  on  the  side,  we  obtain  a plane  of  view 
containing  the  shape  of  the  grooves  at  ths  steel-nickel  interface.  This 
arbitrary  trace  can  intersect  ths  grooves  at  positions  other  than  normal, 
which  world  not  give  the  true  angle.  Steps  were  taken  to  minimise  the 
error  in  sectioning  by  (l)  measuring  only  those  grooves  whose  angles  had 
the  s»lleet  values  (a  range  of  angles  of  true  to  180c  it  possible  by  such 
sectioning;  wide,  shallow  grooves  were  not  measured) , (2)  measuring  only 
those  grooves  which  were  completely  symmetrical.  Ideally,  a perpendicular 
section  of  the  groove  is  desired:  otherwise,  ths  angle  would  be  enlarged. 
Thus  we  see  that  the  typical  24~degree  spread  contains  both  varying  vvLues 
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of  tho  groove  angle  itself  and  the  spread  of  properly  Mentioning  the 
groove  for  aeasorsaent  of  the  angle.  Also  the  fact  that  small  orienta- 
tion differences  affect  the  value  of  the  interfacial  tension  is  not 
considered  to  he  of  great  importance.  Tram  equation  (3).  if  «be  inter- 
facial  energy  was  greatly  reduced,  the  groove  angle  would  be  quite  large; 
large  eagles  vers  not  contained  in  those  aeasured.  Tor  these  reasons 
plus  the  fact  that  width  and  depth  measurements  were  averaged  for  each 
angle,  the  accuracy  of  the  is  considered  to  ho  adequate.  Biatribu- 

tisn  plots  obtained  compare  favorably  in  shape  with  those  found  for  gold 
by  Buttaer,  Udin,  and  Wulff .9 

As  suggests!  by  Smith, ^ for  the  sake  of  having  nunerical  values 
to  compare,  tho  value  for  the  surface  tension  of  gasasa  iron  was  calcu- 
lated by  substitutlag  Tan  Tlaok's1®  value  of  850  dynes  per  centiaeter 
for  the  interfacial  tension  of  guana  iron  and  the  value  of  the  oxperiment- 
ally  deterained  groove  angles  in  equation  (3).  It  is  realised  that  this 
value  will  not  be  the  true  value,  for  the  iron  used  for  the  850  dynes  per 
ca  value  was  saturated  with  copper  and  copper  sulfide,  and  also  w#  assume 
that  the  surface  tension  does  not  change  with  varying  orientation  of  ad- 
joining grains  and  that  boron  has  no  sffect  on  the  surface  tension.* 
However,  the  calculated  value  of  1544  dynes  per  oa  for  the  surface  tension 
of  gassa  iron  will  allow  relative  ooaparisons  to  be  aade  between  boron 
and  boron-free  steels. 

Substituting  the  calculated  value  of  XB  and  the  nean  groove  angles 
in  squation  (3) , the  calculatione  of  X^*  and  the  percent  reduction  of 
liBt  by  boron  in  steels  similarly  treated  are  shown  in  Table  III  on  the 
following  page. 

V«  notice  fro*  Table  II,  for  all  the  steels  investigated,  that  the 
difference  in  the  means  of  the  groove  angles  is  not  statistically  signifi- 
cant, i.e.,  it  is  possible  that  tba  difference  could  be  due  to  chance 
variation  only.  However,  the  differences  of  asans  are  not  considerably 
less  them  30's,  aad  considering  the  consistency  of  the  data  obtained,  the 


Sines  the  normal  boron  adsorption  effect  in  austenite  appear*  to 
be  a solid  solution  effect,  it  is  reasonable  to  assume  that  the  degree 
of  adsorption  at  a given  temperature  is  limited  by  the  boron  solubility 
at  that  temperature.  With  this  same  limitation  on  both  interfacial  bound- 
aries and  free  surfaces,  it  would  appear  that  the  effoct  percentage-wise 
ie  greater  on  the  interfacial  tension  than  on  surfacs  tension  and  the 
effects  aeasured  are  likely  a reflection  of  decrease  of  interfacial  ten- 
sion relative  to  the  surface  tension.  It  is  expected  that  both  values 
are  influenced  by  the  preset#  of  boron. 
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TABLE  III 


Temperature  of 

Mean  Groove 

Seduction 

Steel 

Heat  Etching 

Angle 

amt* 

AISI  S734c 

1830  #r 

147.13* 

873.3 

3.5 

AISI  8740 

1830*7 

145.93° 

904.5 

AISI  87B40 

1600*7 

144.20* 

$49.3 

* A 

AISI  8740 

l600°7 

143 .49* 

9*6.9 

1.9 

AISI  TS  81B17 

1650*F 

144.28° 

947.1 

2.3 

AISI  TS  8117 

1650*F 

143.42* 

969.0 

*Istimated  values 


significance  of  the  differences  of  aeans  might  he  considered  border line. 
From  the  estimations  of  interfacial  tensions,  listed  in  Table  III,  the 
reduction  of  the  lnterfaoial  tension  by  heron  is  snail,  about  2 percent 
for  normal  austenitising  temperatures.  The  significance  of  this  small 
reduction  of  interfacial  tension  is  uncertain.  An  estimate  of  the  sig- 
nificance of  such  a reduction  in  interfacial  energy  is  mads  difficult  by 
lack  of  the  absolute  gamma-alpha  lnterfaoial  tersion,  shape  factor  of 
the  nucleus  and  the  corrsot  strain  energy  term  to  be  used.  The  overall 
effect  would  be  to  increase  slightly  the  term  involving  the  work  of  nu- 
cleatian,  which  appears  in  the  probability  factor  in  the  classical  expres- 
sion for  rate  of  nucleation.  This  term  in  general  is  mainly  influenced 
by  the  teeperature,  giving  increasing  probability  of  nucleus  formation 
with  decreasing  temperature.  <caalitatively , this  reduction  in  interfacial 
tension  does  not  appear  to  be  suffioient  to  affeot  sigmif icaatly  the 
kinetics  of  auwleativa.  Howovor,  If  work  of  nucleation  is  reduced 
to  a considerable  extent  by  the  pre-existing  gamma  interface,  this  effect 
might  be  significant. 

Since  the  reduction  of  interfacial  tension  was  measured  at  concen- 
trations of  one  boron  atom  in  20,000  iron  atoms,  it  does  not  seem  logical 
that  such  low  concentrations  at  the  grain  boundaries  could  cause  a measur- 
able effect.  It  is  more  logical  that  this  reduction  is  caused  by  boron 
being  adsorbed  at  the  austenite  grain  boundaries.  The  amount  of  boron 
adsorbed  should  be  limited  by  the  solubility  of  boron  at  the  temperature 
used.  The  concentrations  of  boron  can  thus  be  increased  to  one  boron  atom 
in  6000  iron  atoms  at  the  normal  austenitising  temperature.  Thus,  it  seams 
that  only  by  positive  adsorption  of  boron  in  gassm  iron  can  boron  concen- 
trations be  increased  to  a value  that  is  responsible  for  the  measurable 
reduction  in  the  interfacial  tension. 

ijy  comparing  the  steels  A15X  673*0  and.  AISI  87*0  with  the  AISI  TS 
81B17  and  AISI  TS  £117  steels,  treats!  at  their  normal  austenitising 
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temperatures , the  re salts  indicate  that  carbon  composition  has  little 
effect  on  the  redaction  of  the  interfaolal  tension  of  naetsnite  by  boron. 
The  slight  increase  in  the  difference  of  the  aeons  of  the  0.20  percent 
o&rbon  steels  over  the  O.kO  percent  carbon  steels  Is  not  significant,  end 
aay  be  due  to  increased  adsorption  of  boron  at  the  grain  boundaries  be- 
cause of  the  slightly  higher  temperature  used  in  heat  etching. 

Interesting  consequences  are  found  when  reviewing  the  results 
obtained  The  data  shew  that  tbs  Inter?®*!*!  tension  of  austenitio  groin 
boundaries  is  greater  at  lower  temperatures , indicated  by  smaller  values 
found  for  the  groove  angles  at  the  lower  temperatures . This  is  consider  ad 
to  bs  in  agreement  with  previous  thoughts  on  boundary  energies , i.e.,  the 
interfacial  energy  is  lower  at  higher  tenperatures  and  theoretically  re- 
duces to  sero  at  tbs  critical  point. 

After  acooptiiur  the  fact  that  positive  adsorption  of  boron  in  f — » 
iron  appears  to  bs  responsible  for  the  measurable  reduction  in  interfaolal 
tension,  we  are  conoerned  with  the  teaperature  coefficient  of  adsorption. 

A positive  coefficient  would  indicate  increased  adeorptlon  with  increasing 
t separators ; a negative  coefficient  would  indicate  decreased  ndscrptlon 
with  increasing  teaperature.  The  results  of  this  invesiigatioa  indicate 
that  the  teaperature  coefficient  of  adsorption  for  boron  in  gamma  iron  le 
posit  Lve.  This  is  exemplified  by  the  faot  that  differences  in  the  groove 
angles  of  boron  and  boron-free  steels  at  the  lower  tenperatures  used  are 
approxiaately  one-half  the  differenoee  in  the  angles  at  the  higher  tempera- 
tures . These  results  are  of  interest  in  the  work  now  being  dons  by  ethers 
to  determine  the  nature  of  adsorption  of  boron  in  auetomlte. 

T7.  COBCLUS.iOKS 

From  the  results  of  this  investigation,  and  the  procedures  used, 
the  following  specific  conclusions  are  reached: 

(1)  The  nethod  of  heat  etching,  plating,  and  sectioning  noraal  to 
the  plated  surfaoe  to  measure  groove  angles  formed  is  a satisfactory  one 
in  determining  the  interfaolal  tension  of  grain  boundaries,  provided  a 
value  for  the  surface  tension  cf  the  solid  is  known. 

(2)  3fhils  the  differences  of  tbs  asan  groove  angles  for  boron  and 
boron-free  steels  are  not  statistically  significant,  the  values  ef  (Xj  - 
»uu  3 w d ar*  cxoife  enough  to  indicate  the  possibility  of  a slight  decrease 
in  the  interfacial  tension  of  austenite  by  boron  additions  to  steels. 

3)  Since  the  boron  concentrations  are  so  low,  ths  fact  that  we  can 
measure  a reduction  In  ths  interfacial  tension  is  explained  bj  boron  show- 
ing positive  adsorption  in  gamaa  iron;  the  experimental  results  indicate 
that  the  teaperature  coefficient  of  adsorption  for  boron  in  gamma  iron  ie 
positive. 
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